This paper studies the domain configurations in platelets with perpendicular uniaxial anisotropy. Due to the large sample dimensions, one typically relies on the domain theory to describe the domain patterns. The growing computer resources make it however possible to perform full micromagnetic simulations on the domain scale. We compare the domain configurations obtained from micromagnetic simulations with those predicted by different domain theory models for a varying anisotropy strength K u . It is found that the Landau structure is valid for small K u , while the open Landau-Kittel structure only poorly describes the closure domains for higher K u . The model proposed by Hubert, enabling closure domains with a tilted magnetization angle is the most accurate.
I. INTRODUCTION
The domain theory describes domain structures in magnetic materials using analytical formula.
1 Starting from the assumption that only uniformly magnetized regions exist, the different energy contributions to the Gibb's free energy are determined. A minimization of the Gibb's free energy with respect to the model parameters yields the equilibrium domain structure.
In micromagnetic simulations, the Landau-Lifshitz equation 2 describes the space-time variation in the continuum magnetization field, originating from the homogenization of the atomistic magnetic moments, on a space scale of the order of 10 nm. Here, sophisticated numerical schemes are required to simulate the domain structures on the domain space scale, larger than 1 m.
3
This paper studies the domains in a platelet depending on the uniaxial anisotropy strength K u . The domain theory description is compared to micromagnetic simulations. In Ref. 4, a similar study is performed for small cubic particles in which up to three domains are formed. In the platelet considered here, numerous domains exist which enables a study of the closure domains. Figure 1 shows the considered platelet. It has a thickness D = 0.8 m and is infinite in the z-direction, while maintaining a finite dimension L Ͼ D in the x-direction. The magnetization saturation and the exchange stiffness are 0 M s = 1.82 T and A = 1.5ϫ 10 −11 J / m, respectively, while the anisotropy constant K u is varied.
II. DOMAIN THEORY DESCRIPTION
Following the domain theory, magnetic domains are formed with the magnetization aligned along the easy magnetization direction, see Fig. 1 . This reduces the magnetostatic energy, but introduces additional energy in the domain walls and anisotropy energy in the closure domains. The tradeoff between the different energy contributions determines the domain configuration.
The most simple domain theory model describes the Landau structure. Here, the closure domains have a magnetization perfectly parallel with the surface sample ͑no magnetic charges͒, see Fig. 2 ͑left͒. Only the domain width d determines the Gibb's free energy. The optimal domain width is a trade of between small domains, minimizing the energy in the closure domains and large domains, minimizing the energy in the domain walls. Following Ref. 5, this leads to
In the open Landau-Kittel structure, see Fig. 2 ͑middle͒, a region in between the closure domains with out-of-plane magnetization is considered by introducing a second model parameter d 2 . This region results in smaller closure domains ͑i.e., lower anisotropy energy͒, but introduces magnetic charges ͑i.e., magnetostatic energy͒. From the minimization of the Gibb's free energy it is shown that d 2 ϳ 0 for small K u , describing the Landau structure, and that d 2 ϳ d for very large K u , describing the Kittel structure which has no closure domains. tization defined by the parameter ␤, see Fig. 2 ͑right͒. For small K u , the tilting angle ␤ is small, while for larger K u , ␤ increases and larger magnetic charges are generated.
III. MICROMAGNETIC SIMULATIONS
The micromagnetic simulations are performed using the numerical scheme presented in Ref. 3 to time step the Landau-Lifshitz equation. A spatial discretization of 10 nm, three times larger than the exchange length, is used. This is appropriate, since we are only interested in the domain structure and not in the magnetization processes on the nanometer space scale. 6 The platelet is initially saturated in the z-direction. Under a zero applied field, this is an unstable magnetization state which evolves toward a domain structure depending on K u . The field is then further reduced to ͗M͘ = 0. Starting from this domain configuration, a magnetization sweep to near saturation ͗M͘ = 0.99 M s e z and back ͑͗M͘ =0͒ is performed. This stabilizes the concertina pattern in the whole platelet. Since the influence of the outer edges is now minimal, the obtained domains can be compared with those predicted by the domain theory. This comparison is made for platelets with an anisotropy strength varying from K u =10 kJ/ m 3 to K u = 400 kJ/ m 3 . To have a large number of domains in the sample, the dimension L is increased from L = 10.24 m for large K u to L = 40.96 m for small K u .
The equilibrium domain configuration in a segment of the platelet is shown in Fig. 4 for K u =40 kJ/ m 3 , K u = 200 kJ/ m 3 , and K u = 400 kJ/ m 3 . It is clear that-in agreement with the domain theory-the surface of the closure domains decreases for increasing K u leading to a decrease in the domain width. Figure 5 shows the domain width and its variance versus K u . The distinct character of the number of domains that fits in the cross section of the platelet is still visible, while L is already very large. This proves the need for considering more extended platelets when K u decreases.
For illustrative purposes, a curve
Closure domains corresponding with the domain configurations of Fig. 4 are shown more in detail in Figs. 6-8. None of the closure domains have a completely uniform magnetization and localized 90°domain walls as assumed by the domain theory. The domains obtained in the platelet with K u =40 kJ/ m 3 correspond with the Landau structure. The closure domains touch each other and have only a very small out-of-plane component near the surface, hence about no magnetic charges are introduced. For larger K u it is more difficult to distinguish separate closure domains. The magnetization near the surface is characterized by a more continuous magnetization rotation between two oppositely magnetized domains. For increasing K u , the region where the flux lines close becomes smaller. The magnetization has a growing out-of-plane component, which minimizes the anisotropy energy, but leads to a larger magnetostatic energy.
The partial Landau-Kittel structure is not able to describe the closure domains of Figs. 7 and 8: No distinct regions exist with a magnetization parallel to the sample surface, nor with only an out-of-plane magnetization component in between the closure domains. The description with tilted magnetic closure domains proposed by Hubert approximates the simulated domain structure best. Although no uniformly magnetized domains are formed in the closure region, the theory is able to describe the growing out-of-plane magnetization component.
Note that the agreement of the micromagnetic simulations with experiments 8 on the one hand and with the domain theory on the other hand again shows the validity of using a discretization larger than the exchange length if one is not interested in the fast, fine scale magnetization processes.
IV. CONCLUSIONS
This paper demonstrates the added value of micromagnetic simulations with respect to the domain theory. Depending on the complexity of the used domain theory model, the domain structure in the platelet with perpendicular uniaxial anisotropy is more or less accurately described. The Landau model is accurate for low anisotropy values while the open Landau-Kittel structure only poorly describes the structure of the closure domains for higher anisotropy constants. The refined domain model of Hubert most accurately describes the domain structures over a wide range of anisotropy strengths. From the micromagnetic simulations however, it is clear that for larger K u it is more appropriate to define continuous closure regions instead of distinct closure domains.
